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Abstract 12 
In Central Iran, the mixed siliciclastic‒carbonate Nakhlak Group of Triassic age is commonly 13 
seen to have a Cimmerian affinity, although it shows considerable resemblances with the 14 
Triassic Aghdarband Group in far northeastern Iran, east of Kopeh-Dagh area, with Eurasian 15 
affinity. The Nakhlak Group is composed of the Alam (Late Olenekian‒Anisian), Baqoroq 16 
(Late Anisian‒?Early Ladinian), and Ashin (Ladinian‒?Early Carnian) formations consisting 17 
mainly of volcanoclastic sandstone and shale and fossiliferous limestone. The Baqoroq 18 
Formation contains also metamorphic detritus. Sandstone petrofacies reflect the detrital 19 
evolution from active volcanism to growing orogen and again active volcanism. Textural and 20 
modal analyses of volcanic lithic fragments from the Alam Formation reflect the eruption 21 
style and magma composition of a felsic to intermediate syn-sedimentary arc activity. The 22 
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detrital modes of the Baqoroq Formation sediments suggest a recycled orogenic source 23 
followed by arc activity in a remnant fore-arc basin. The sandstone samples from the Ashin 24 
Formation demonstrate a continuity of felsic to intermediate arc activity. Major and trace 25 
element concentrations of the Nakhlak Group clastic samples support sediment supply from 26 
first-cycle material and felsic magmatic arc input. The enrichment in LREE, the negative Eu 27 
anomalies, and the flat HREE patterns indicate origination from the old upper continental 28 
crust and young arc material. The chemical index of alteration (CIA ~51–70 for sandstone 29 
and 64–76 for shale samples) indicates medium degrees of chemical weathering at the source. 30 
Petrographical and geochemical evidence together with facies analysis constructed the 31 
following depositional conditions for the Nakhlak Group sediments: In the Olenekian, a fore-32 
arc shallow to deep marine depositional basin developed that later was filled by recycled and 33 
arc-related detritus and changed into a continental basin in the Anisian. Ladinian extension let 34 
to a deepening of the basin. With respect to the similarities between the Nakhlak and 35 
Aghdarband (NE Iran) groups and unusual present-day position of the Nakhlak Group with 36 
no stratigraphic connection to the surrounding area, the development of first a fore-arc basin 37 
and later change into a back-arc depositional basin in close relation with the Aghdarband 38 
basin at the southern Eurasian active margin in the Triassic are here proposed. Understanding 39 
the basin development recorded in the Nakhlak Group provides constraints on the closure 40 
history of Palaeotethys and of the tectonic evolution of early Mesozoic basins at the southern 41 
Eurasian margin before the Cimmerian Orogeny. 42 
Keywords: Triassic; Nakhlak Group; Palaeotethys; Provenance; Central Iran. 43 
1. Introduction 44 
The tectonic evolution of Iran with respect to the opening and closing of Palaeotethys and 45 
Neotethys oceans and several detaching and attaching events of Hunic terranes and 46 
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Cimmerian blocks pertaining to the parental Gondwanan and Eurasian margins is still 47 
controversially discussed (e.g., Şengör, 1979; Stampfli, 2000; Stampfli et al., 2002). The 48 
Neotethys separated the Cimmerian microcontinent(s) from Gondwana between the latest 49 
Palaeozoic and the earliest Tertiary, following a diachronous opening from east to west 50 
(Stampfli, 2000). The Iranian Block (Cimmerian Block) collided with the Eurasian Turan 51 
Block in Late Triassic time as a result of the Palaeotethys closure; the Eocimmerian Orogeny 52 
took place (Stampfli, 2000). The collision between the Iranian Block and the Arabian plate 53 
caused the closure of Neotethys and formation of the Zagros Orogen. The timing of this 54 
closure, concerning when Arabia started colliding with Eurasia, however, has been highly 55 
controversial, ranging from the Late Cretaceous to as late as the Pliocene (for a review see 56 
Agard et al., 2011).  57 
A problematic area pertaining to the Palaeotethys evolution is the Central-East Iranian 58 
Microcontinent (CEIM) (Fig. 1). It is an allochthonous continental block, bordered by the left 59 
lateral Great Kavir–Doruneh fault system in the north, the Nain-Baft fault in the west and 60 
southwest, and by the Harirud Fault in the east (Davoudzadeh et al., 1981). The CEIM rotated 61 
anticlockwise and is surrounded by Upper Cretaceous to Lower Eocene ophiolites and 62 
ophiolitic mélanges, widest in the Sabzevar–Torbat area, considerably narrower at Nain, and 63 
locally reduced to an exposed width of only a few hundred meters southwest of the Shirkuh 64 
Range (Stöcklin, 1968; Fig. 1). A complex system of intracontinental strike-slip faults (Fig. 65 
1) has caused an intensive north-south dextral shearing of the whole area (more details in 66 
Walker and Jackson, 2004). The deformation is accommodated within Central Iran by N–S-67 
trending dextral faults, which separate the Yazd, Tabas and Lut blocks. These faults are 68 
possibly inherited from Precambrian times (Berberian and Kings, 1981) and were active 69 
during the Palaeozoic evolution of the region, as recorded by facies and thickness variations 70 
across these structures (Wendt et al., 2005). The Anarak-Khur Block constitutes the 71 
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northwestern part of the CEIM, close to the south of the Great Kavir–Doruneh fault system. 72 
This block is characterized by a thick (5000–8000 m) Palaeozoic metamorphic series, detrital 73 
sediments and volcanic rocks which contain up to 2500 m of the marine Triassic sequence of 74 
Nakhlak. The Nakhlak Group is unconformably overlain by a well-developed up to ~260 m 75 
thick succession of Upper Cretaceous rocks (Vaziri et al., 2012). The sedimentary Nakhlak 76 
Group is a key to understanding the palaeotectonic history of the CEIM in space and time 77 
because it is commonly seen to have a Cimmerian affinity (Stöcklin, 1968; Şengör, 1979), 78 
although it shows considerable resemblances with the Triassic Aghdarband Group in far 79 
northeastern Iran, east of Kopeh-Dagh, with Eurasian affinity (e.g., Davoudzadeh et al., 1981; 80 
Ruttner, 1984, 1993). 81 
The composition of terrigenous sedimentary rocks mostly depends on the lithology of the 82 
source area(s) and the tectonic setting in which they were deposited (e.g., Dickinson, 1985; 83 
McLennan et al., 1993; Ghosh et al., 2012; Armstrong-Altrin et al., 2015). Accordingly, in 84 
the present study, we focus on the provenance and tectonic setting of the Nakhlak Group 85 
sedimentary succession by using an integrated approach, including modal analysis and 86 
whole-rock geochemical data in order to constrain the depositional setting and 87 
tectonostratigraphic evolution for this region. Our data provide new information about the 88 
sedimentary provenance such as a fore-arc and then a back-arc basin setting for the Nakhlak 89 
Group during the Triassic period. Eurasian versus Cimmerian affinities are discussed for the 90 
studied sedimentary succession. The tectonic events probably in connection with 91 
Eocimmerian collision due to Palaeotethys subduction are discussed as well. 92 
(Figure 1) 93 
2. Geological setting 94 
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During the Early–Middle Triassic, large parts of Iran were covered by an extensive carbonate 95 
platform and deposition has taken place in shallow shelf sea to lagoonal and near-shore tidal 96 
flats environments. In eastern Central Iran (Tabas area and Shotori Range) argillaceous 97 
carbonate rocks (Sorkh Shale Formation) and thick-bedded dolomite and limestone (Lower to 98 
Middle Triassic Shotori Formation) are well developed (Stöcklin et al., 1965; Seyed-Emami, 99 
1971). A thick sequence of siliciclastic, volcano-clastic and basinal sediments of the 100 
Nakhlak–Anarak region in Central Iran is completely different among Triassic successions in 101 
Iran (Davoudzadeh et al., 1969; Davoudzadeh and Seyed-Emami, 1972) (Fig. 2). Another 102 
similar succession occurs in the tectonic window of Aghdarband to the north of the 103 
Palaeotethys suture, northeast Iran (east of Mashhad, southeast of Kopeh-Dagh) (Seyed-104 
Emami, 1971; Ruttner, 1984; Alavi et al., 1997). Several authors assume that the sedimentary 105 
sequences of Nakhlak–Anarak and Aghdarband are closely related at the southern margin of 106 
the Turan plate during deposition, and they considered large counterclockwise (CCW) 107 
rotation and horizontal movement to the present-day position in Central Iran of the Nakhlak 108 
area (e.g., Davoudzadeh et al., 1981; Schmidt and Soffel, 1983; Alavi et al., 1997). 109 
(Figure 2) 110 
2.1. Geologic framework of Nakhlak Group 111 
The Nakhlak Group is exposed to the south of Nakhlak mine (Fig. 2) in the NW–SE-oriented 112 
Kuh-e-Qale Bozorg range, approximately 60 km NNE of Anarak town and 220 km NE of 113 
Isfahan. The Early–Middle Triassic mixed siliciclastic, volcano-clastic and carbonate 114 
sequence of the Nakhlak Group shows almost no lithological similarity with coeval rocks 115 
throughout Iran, except for the Aghdarband sequence in the Kopeh-Dagh region (NE Iran). 116 
Lithological and biostratigraphical similarities in these two sequences have been considered 117 
by several geologists that both were deposited in a similar depositional environment at the 118 
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southern margin of Eurasia during the Triassic period. It has been suggested that the present 119 
position of the Nakhlak Group is probably due to the CCW rotation of the Central-East 120 
Iranian Microcontinent and its lateral movement to the present position since the Triassic, 121 
subsequent to its formation at the Eurasian southern margin (Seyed-Emami, 1971; 122 
Davoudzadeh et al., 1981; Krystyn and Tatzreiter, 1991; Soffel and Förster, 1984; Ruttner, 123 
1993; Soffel et al., 1996; Alavi et al., 1997; Saidi et al., 1997; Seyed-Emami, 2003).  124 
Davoudzadeh and Seyed-Emami (1972) subdivided the Nakhlak Group into three formations 125 
(from base to top): the Alam Formation (Upper Scythian or Olenekian to Middle Anisian), 126 
the Baqoroq Formation (Upper Anisian to Middle Ladinian), and the Ashin Formation 127 
(Upper Ladinian to ?Carnian). Rocks immediately underlying the Triassic succession are not 128 
well exposed and only small outcrops of mafic and ultramafic rocks can be identified in the 129 
southernmost part of the area. These mafic and ultramafic rocks are considered to belong to 130 
the Nakhlak-type ophiolitic remnants (serpentinite, boninitic meta-gabbro and basalts, quartz 131 
diorite) (Bagheri and Stampfli, 2008; Balini et al., 2009; Zanchi et al., 2009), to which the 132 
Triassic succession was thrust upon (Holzer and Ghasemipour, 1973; Sharkovski et al., 1984; 133 
Alavi et al., 1997). The Nakhlak exposure is separated from the Anarak mountain chains in 134 
the south that is known as Anarak Metamorphic Complex (AMC) by a wide plain. The upper 135 
parts of the Nakhlak Group are overlain by Cretaceous limestone above an angular 136 
unconformity (Davoudzadeh and Seyed-Emami, 1972; Balini et al., 2009; Vaziri et al., 2012). 137 
2.2. Stratigraphic ages of Nakhlak Group 138 
Tozer (1972) suggested that the Alam Formation is Late Olenekian–?Middle Anisian in age, 139 
based ammonoid fauna (e.g., Albanites triadicus, Aghdarbandites ismidicus). He introduced 140 
Late Ladinian–?Early Carnian ages for the Ashin Formation with respect to few ammonoids 141 
(e.g., Megaphyllites sp., Proarcestes sp.) and pelecypods (Daonella lomelli). These ages were 142 
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later confirmed by Vaziri and Fürsich (2007) and Vaziri (2011a and b), based on ammonoid 143 
fauna and pelecypods. The continental conglomeratic Baqoroq Formation contains no fossils 144 
but based on its stratigraphic position between the Alam and Ashin formations its age is 145 
considered to be Upper Anisian to Middle Ladinian (Davoudzadeh and Seyed-Emami, 1972; 146 
Balini et al., 2009). The Ashin Formation consists mainly of turbiditic volcano-clastic 147 
sandstones and shales with a diversity of well-preserved trace fossils such as Nereites 148 
ichnofacies indicating a deep marine origin of the Ashin Formation (Vaziri and Fürsich, 149 
2007). Balini et al. (2009) confirmed the age of the Nakhlak Group and Alam Formation 150 
based on the classification of ammonoids as well as conodonts.  151 
3. Samples and methods 152 
3.1. Samples 153 
The geographic locations of the sampled sections are shown in Figure 2. 450 samples were 154 
prepared for petrographic studies and 30 samples for whole-rock geochemical analysis. 155 
3.2. Methods 156 
450 thin sections from siltstones, sandstones, fine-grained conglomerates, conglomerate 157 
pebbles and carbonate rocks were studied petrographically using a polarizing microscope. 158 
Twenty medium- to coarse-grained sandstone samples from the Alam Formation, 20 159 
sandstone samples and two fine-grained conglomerates from the Baqoroq Formation and six 160 
sandstone samples from the Ashin Formation were studied (300 points per slide) according to 161 
the Gazzi-Dickinson point-counting method (Dickinson, 1970; Ingersoll et al., 1984; Zuffa, 162 
1985). Framework information of the Nakhlak Group sandstones is given in Appendix A. 163 
The petrographic Quartz–Feldspar–Lithoclast (QFL) data are provided as Supplementary data 164 
(see Appendix A).  165 
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Twenty-one fresh sandstones (nine samples from the Alam, eleven samples from the 166 
Baqoroq, and one sample from the Ashin formations) with low content of calcite cement and 167 
nine shales (three samples from the Alam, two samples from the Baqoroq, and four samples 168 
from the Ashin formations) were selected for whole-rock geochemical analysis. Fresh pieces 169 
of each sample devoid of calcite veins were crushed and pulverized in an agate ball-mill. 170 
Loss on ignition (LOI) was determined gravimetrically on one g of sample powders by 171 
heating overnight at 1050 C. For the X-ray fluorescence (XRF) analysis, 1750 mg of finely 172 
powdered sample mixed with 3900 mg of lithium tetraborate, lithium metaborate, and LiF 173 
were weighted in platinum crucibles and fused for 15 min at 1100 C to prepare glass discs. 174 
Major oxides (SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, and P2O5) and trace 175 
element (V, Cr, Co, Ni, Y, Zr, Nb, Rb, Sr) concentrations were determined on a PANalytical 176 
AXIOS Advanced sequential X-ray spectrometer at the University of Göttingen (Department 177 
of Geochemistry, Geoscience Center). Relative errors on major and trace elements are 0.5–178 
2% and 2–5% respectively. All Fe is reported as Fe2O3. International geochemical reference 179 
samples were used for quality control of data. 180 
Total carbon, organic and inorganic carbon contents of the same 30 samples were measured 181 
with a LECO elemental analyzer at the University of Göttingen (Department of Geobiology, 182 
Geoscience Center). The data are required for correction of CaO from carbonate contribution 183 
for calculation of the chemical index of alteration (see Section 4.4.). 184 
Selected trace element (Sc, Cu, Zn, Ga, Mo, Cd, Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, 185 
Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, W, Pb, Th, U) concentrations, including rare earth elements 186 
(REE), were analyzed in solution by inductively coupled plasma mass spectrometry (ICP-187 
MS) using a Perkin Elmer DRC II at the University of Göttingen (Department of 188 
Geochemistry, Geoscience Center). Sample powder (100 mg per sample) was dissolved by 189 
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acid digestion with HF-HNO3-HCl prior to analysis, using a PicoTrace® acid sample 190 
digestion system. The residuum was solubilized in 10 ml H2O and 2 ml HNO3 and 200 µl 191 
internal standards were added. The solution was diluted to a total volume of 100 ml with 192 
ultrapure water. Measurements were calibrated to the standard JA-2 of the Geological Survey 193 
of Japan. 194 
The REE data were normalized against C1-chondrite values from Taylor and McLennan 195 
(1985). In addition to the chondrite-normalized REE patterns, the Eu anomaly (Eu/Eu*) may 196 
serve as a useful discriminant between samples and plate-tectonic settings (e.g., Bhatia, 1985; 197 
McLennan, 1989; McLennan et al., 1990), where Eu* is a theoretical Eu concentration 198 
calculated by interpolation between Sm and Gd. The Eu anomaly was quantified according to 199 
McLennan (1989): Eu/Eu* = EuN/ (SmN  GdN)0.5, where the subscript N denotes chondrite-200 
normalized values. Values of Eu/Eu*>1 are considered to be positive, whereas values <1 are 201 
considered to be negative (McLennan et al., 1990). 202 
The Chemical Index of Alteration (CIA) was calculated using molecular proportions as 203 
follows (Nesbitt and Young, 1982): CIA = 100  Al2O3 / (Al2O3 + CaO* + Na2O + K2O), 204 
where CaO* is the amount of CaO incorporated in the silicate fraction of the rock and 205 
quantified using a formula presented by Fedo et al. (1995): CaO* = mol CaO  mol 206 
CO2(calcite)  (0.5  mol CO2)(dolomite)  [(10/3)  mol P2O5](apatite). 207 
The index of compositional variability (ICV), which is useful to assessing the compositional 208 
maturity of fine-grained siliciclastics, was quantified as follows (Cox and Lowe, 1995): ICV 209 
= (Fe2O3 + K2O + Na2O + CaO + MgO + TiO2)/Al2O3; in this equation, CaO includes also 210 
the Ca sources related to detrital carbonate and phosphate (e.g., Perri et al., 2012). 211 
A new multi-element discrimination diagram proposed by Verma and Armstrong-Altrin 212 
(2013) was used for tectonic discrimination. This diagram, partitioned into three main 213 
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categories (arc, collision and rift settings) is based on two discriminant functions using ten 214 
major oxides (SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, and P2O5). 215 
4. Results 216 
4.1. Measured sections  217 
The Nakhlak Group at the base tectonically overlies (shear zone) massive metamorphic rocks 218 
that are strongly silicified and altered. The Alam Formation starts at the bottom with 219 
alternating volcano-clastic sandstone and limestone beds, massive oolitic limestone, 220 
fossiliferous thin-bedded limestone, and continues to green and purple volcano-clastic 221 
sandstone and shale sequences with some ammonoid-bearing shale bed intervals, intra-222 
formational conglomerates, thick wavy pseudo-nodular grey colored fossiliferous limestone, 223 
and finally at the top light green colored foliated shale beds inter-bedded with thin beds of 224 
light brown limestone and sandstone. 225 
The Baqoroq Formation overlies the Alam Formation atop an erosional unconformity. It 226 
starts with a medium bedded conglomerate bed that is composed of oolitic limestone pebbles 227 
that most likely originated from the base of the Alam Formation. The majority of the Baqoroq 228 
Formation is made up of very thick bedded to massive red colored conglomerate beds 229 
intercalated with sandstone and shale beds. Limestone lithoclasts, especially oolitic 230 
grainstones, are observed throughout the formation. The first 200 m of the succession are 231 
dominated by volcanic clasts. Subsequently, metamorphic lithoclasts become more dominant 232 
than volcanic. Quartzite and polycrystalline quartz lithoclasts are common throughout the 233 
whole succession. 234 
The Ashin Formation unconformably lies atop the Baqoroq Formation. The Ashin Formation 235 
is composed of thin-bedded volcanic sandstone and shale beds, intercalated with ammonoid-236 
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bearing shale beds and fossiliferous limestone with two thin limestone beds rich in crinoid 237 
fragments near the top. The formation is characterized by a dominance of green-colored 238 
shale, frequency of trace fossils, huge septarian nodules, and groove marks. The top of the 239 
formation is truncated by a thrust fault. 240 
4.2. Petrography and modal analysis 241 
Framework compositions of the studied sandstones and conglomerates can be subdivided into 242 
following petrofacies according to Weltje (2006; Fig. 3); which are lithoquartzose, 243 
feldspatholithic, lithofeldspathic and quartzofeldspathic in the Alam Formation, quartzolithic, 244 
lithoquartzose, and feldspathoquartzose in the Baqoroq Formation, and lithofeldspathic, 245 
quartzofeldspathic, and feldspathoquartzose in the Ashin Formation. The full set of 246 
petrographic data is given in the accompanying Supplementary data (see Appendix A). 247 
4.2.1. Alam Formation 248 
Most of the sandstone samples from the Alam Formation contain dominantly volcanic 249 
detritus represented by lithic fragments (Fig. 4a–c) and single phenocrysts (Fig. 4d). Quartz 250 
grains showing straight extinction and embayment features are common. The volcaniclastic 251 
interstitial component is mainly pseudo matrix formed by compaction of loose volcanic 252 
detritus. Vitric lithic grains are considerable in the Alam Formation sandstones. Some 253 
samples are composed primarily of volcanic monoliths. 254 
Lithoquartzose sandstones (average Q67–F6–L27) are mainly composed of monocrystalline 255 
volcanic quartz and volcanic lithic fragments. Feldspatholithic sandstones (average Q12–F29–256 
L59) are mostly composed of volcaniclastic detritus. Quartz and feldspar phenocrysts are also 257 
present. K-feldspars are mostly sanidine. Lithofeldspathic sandstones (average Q6–F73–L21) 258 
are chiefly composed of K-feldspar phenocrysts (mostly sanidine). Quartzofeldspathic 259 
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sandstones (average Q34–F50–L19) are composed of feldspars, quartz phenocrysts and volcanic 260 
lithic fragments. Volcanic clasts from the Alam Formation are mainly show microlitic and 261 
vitric homogeneous textures, and minor lathwork and felsitic textures which are variable 262 
throughout the formation with no distinct stratigraphic trends. (Fig. 4a–c). A few of the large 263 
microlitic clasts show porous (amygdaloidal) clasts that are filled with secondary chlorite 264 
(Fig. 4a) indicative of a gaseous phase present during rock formation. Heavy minerals such as 265 
zircon, chrome spinel and opaque minerals occur. 266 
4.2.2. Baqoroq Formation 267 
Sandstones and conglomerates of the Baqoroq Formation are characterized by: 1) the 268 
presence of recycled orogenic detritus; 2) the presence of volcanic detritus; 3) the overall 269 
increase in the proportion of metamorphic detritus and decrease in volcanic detritus from 270 
base to top; 4) common polycrystalline quartz grains; 5) mature texture. 271 
Quartzolithic sandstones (average Q37–F17–L46) are mainly composed of polycrystalline 272 
quartz and volcanic lithic fragments. This petrofacies represents the basal portions of the 273 
formation. Lithoquartzose sandstones (average Q49–F17–L34) are composed of both volcanic 274 
and metamorphic detritus. This petrofacies is spread out across the formation although more 275 
commonly found in the intermediate sections. Feldspathoquartzose sandstones (average Q54–276 
F27–L19) are composed of polycrystalline quartz grains and metamorphic detritus, which 277 
represent the upper parts of the formation. Metamorphic clasts are metapsammite/metafelsite 278 
grains rank 2 and 3, according to the Garzanti and Vezzoli (2003) classification, composed of 279 
quartz-sericite and quartz-mica (muscovite) lithic fragments (Fig. 4e–f). Volcanic clasts are 280 
mainly vitric homogeneous, microlitic, minor felsitic and lathwork (Fig. 4g). The volcanic 281 
particles are generally fresh and larger than other terrigenous clasts. The muscovite modal 282 
content increases from base to top. Heavy minerals are the same as in the Alam Formation. 283 
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4.2.3. Ashin Formation 284 
The sandstone samples from the Ashin Formation contain mainly K-feldspar phenocrysts and 285 
quartz grains. These sandstones are matrix supported and strongly affected by diagenetic iron 286 
oxide, dendritic manganese, and calcium replacement. 287 
Lithofeldspathic sandstones (average Q17–F64–L19) are chiefly composed of euhedral K-288 
feldspar grains (sanidine) oriented in the matrix along with volcanic lithic, quartz grains and 289 
some coeval crinoid stem debris. Quartzofeldspathic sandstones (average Q24–F69–L7) are 290 
also composed of euhedral K-feldspar (sanidine) grains and single crystalline volcanic quartz 291 
grains. Feldspathoquartzose sandstones (average Q51–F27–L22) include more volcanic quartz 292 
grains than the other two petrofacies. Volcanic fragments are mainly microlitic and vitric 293 
homogeneous as well as comprise some lathwork texture. Heavy minerals are the same as in 294 
the two other formations.  295 
 (Figure 3) 296 
(Figure 4) 297 
4.3. Whole-rock geochemistry 298 
4.3.1. Alam Formation 299 
The rocks display moderate to high major element concentrations compared with average 300 
upper continental crust composition (Rudnick and Gao, 2003); the SiO2 average content is 301 
62.5–89.8 wt.%, the Al2O3 is 11.6–19.6 wt.% and sandstone sample AN12 with 5.7 wt.%, 302 
the TiO2 average content is 0.22–0.99 wt.%, the Fe2O3 average content is 2–7 wt.% and CaO 303 
has a variable total content (0.6–9.8 wt.%) in sandstone and high total CaO content (5.2–40.7 304 
wt.%) in shale samples (see Table 1). CaO and LOI show a positive linear correlation for 305 
most sandstone and shale samples from the Nakhlak Group (Supplementary Fig. S2). The 306 
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samples have medium to low trace element concentrations (Appendix A) in Ni (11–28 ppm), 307 
Cr (7–65 ppm), Ba (76–510 ppm), and Zr (59–168 ppm), low to high concentrations in V 308 
(19–112 ppm), and variable Sr concentrations (104–3080 ppm). 309 
Most trace elements are enriched, with characteristic positive Sr anomalies and depletion in 310 
Ba, Zr, V and Cr, and variable negative and positive K anomalies (Fig. 5ac). Chondrite-311 
normalized REE patterns (Taylor and McLennan, 1985; Fig. 5df) show light rare earth 312 
element (LREE) enrichment (LaN/YbN~4.1 and 7.3) and flat heavy rare earth element 313 
(HREE) profiles (GdN/YbN~1.1 and 1.6) with a negative Eu anomaly (Eu/Eu*~0.6–0.8) in 314 
seven samples, a positive Eu anomaly (Eu/Eu*~1.0–1.5) in three samples and a weak Eu 315 
anomaly (Eu/Eu*~0.9) in two samples. REE data are given in the Supplementary data (see 316 
Appendix A). 317 
4.3.2. Baqoroq Formation 318 
The rocks display high SiO2 (72.5–82.7 wt.%), low to moderate Al2O3 (9.7–15.2 wt.%), low 319 
to high TiO2 (0.38–0.78 wt.%), low to moderate Fe2O3 (2.3–5.8 wt.%) and variable total CaO 320 
content (0.7–7.2 wt.%) in sandstone and high total CaO content (9.2–31 wt.%) in shale 321 
samples (Table 1). The samples have medium to low trace element concentrations (Appendix 322 
A) in Ni (10–26 ppm), Cr (11–52 ppm), Ba (74–497 ppm), V (31–62 ppm), and variable 323 
medium to high concentrations in Zr (92–212 ppm) and Sr (61–850 ppm). 324 
The elements exhibit a similar pattern as for the Alam Formation samples. The Baqoroq 325 
Formation shows enrichment in Y and Sc, and characteristic enrichment in Sr in seven 326 
samples and depletion in five samples, and also depletion in Ba, V and Cr, characteristic 327 
negative anomalies in K in two arenites and slightly positive anomalies in two shale samples 328 
and one feldspathic volcanic arenite (Fig. 5ac). Chondrite-normalized REE patterns (Taylor 329 
and McLennan, 1985; Fig. 5df) show a light rare earth element (LREE) enrichment 330 
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(LaN/YbN~3.1 and 9.7) and flat heavy rare earth element (HREE) profiles (GdN/YbN~0.8 and 331 
1.6) with a negative Eu anomaly (Eu/Eu*~0.6–0.8) in almost all samples and a nearly flat 332 
Eu/Eu* pattern in sample B37 (Eu/Eu*~0.9). REE data are given in the Supplementary data 333 
(see Appendix A). 334 
4.3.3. Ashin Formation 335 
The rocks display moderate SiO2 (64–75.2 wt.%), Al2O3 (12.3–19.3 wt.%), TiO2 (0.53–0.71 336 
wt.%), Fe2O3 (5.1–8.3 wt.%) and high total CaO content (11 wt.%) in sandstone and high 337 
total CaO content (5–8.9 wt.%) in shale samples (Table 1). Trace elements in the Ashin 338 
Formation have low to high concentrations of Ni (26–62 ppm) and V (57–123 ppm), and low 339 
Cr (36–80 ppm), Ba (109–456 ppm), Zr (135–187 ppm), and Sr concentrations (132–284), 340 
which is different from the Alam and Baqoroq formations (Appendix A). 341 
The elements exhibit fairly similar patterns compared to samples from the two other 342 
formations; most of the trace elements show slightly enrichment or depletion in Ba, Sr and 343 
Cr, and variable positive and negative anomalies in K (Fig. 5ac). Chondrite-normalized 344 
REE patterns (Taylor and McLennan, 1985; Fig. 5df) show a light rare earth element 345 
(LREE) enrichment (slightly more than for the two other formations) (LaN/YbN~6.4 and 7.1) 346 
and nearly flat heavy rare earth element (HREE) profiles (GdN/YbN~1.3 and 2.4) with a 347 
negative Eu anomaly (Eu/Eu*~0.6). REE data are given in the Supplementary data (see 348 
Appendix A). 349 
(Table 1) 350 
 (Figure 5) 351 
4.4. Palaeo-weathering and sediment recycling 352 
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The CIA mean values of the analyzed sandstones are 58.59 for the Alam Formation, 62.98 for 353 
the Baqoroq Formation, and 61.78 for the Ashin Formation (see Appendix A). For the shales 354 
calculated CIA mean values are slightly higher than for the sandstones (71.27 for the Alam, 355 
73.07 for the Baqoroq, and 69.35 for the Ashin formations). They are close to the post-356 
Archean Australian shale (PAAS) value (McLennan, 1989). For most of the studied samples, 357 
the ICV values are greater than one (average ICV = 1.3 for the Alam Formation; 1.1 for the 358 
Baqoroq Formation; 1.4 for the Ashin Formation). 359 
 360 
(Figure 6) 361 
All samples from the Alam Formation show Th/U lower than 4.0 (1.8 to 3.9). Three samples 362 
have Th/U values of 1.81, 2.74, and 2.84 (Fig. 7a), which are the same samples with 363 
enrichment in Eu (AN12, AN63, and AN159; Fig. 5d). Five sandstone and two shale 364 
samples from the Baqoroq Formation show Th/U values lower than 4.0 (2.9 to 3.7). One of 365 
them (sample B37, Th/U = 2.98) plots mostly inside the depleted mantle sources field (Fig. 366 
7a), and shows a flat Eu pattern (Fig. 5e). The other six samples from the Baqoroq Formation 367 
plot in the upper crust field with Th/U values of 4.0 to 5.2 (Fig. 7a). Samples from the Ashin 368 
Formation show Th/U values of 3.4 to 4.0 (Fig. 7a).  369 
Th/Sc values of the studied samples range from 0.11 to 1.08 for the Alam Formation, from 370 
0.31 to 0.93 for the Baqoroq Formation, and from 0.50 to 0.77 for the Ashin Formation. Zr/Sc 371 
values range from 4.30 to 21.43 for the Alam Formation, from 10.67 to 31.11 for the Baqoroq 372 
Formation, and from 7.54 to 19.86 for the Ashin Formation. 373 
(Figure 7) 374 
4.5. Provenance  375 
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The TiO2/Zr values of the Nakhlak Group sediments are 41.5 on average. Three sandstone 376 
samples of the Alam Formation have higher TiO2/Zr values (95.5 for AN112, 73.4 for 377 
AN133, 117.8 for AN159). 378 
Despite the presence of detrital chrome spinel (Hashemi Azizi et al., 2018) the sediments of 379 
the Nakhlak Group seem to have not received (ultra)mafic detritus (Fig. 8b). The average 380 
values of Cr/Ba and Ni/Ba are 0.15 and 0.1, respectively. The average Cr/Ni ratio is ~1.5 381 
throughout the Nakhlak Group, which is close to the Cr/Ni ratio of ultramafic rocks (~1.6). 382 
Two samples from Alam (AN112) and Baqoroq (B37) formations show high Cr/Ni ratios of 383 
3.4 and 5.2, respectively, suggesting significant sedimentary fractionation (Garver et al., 384 
1996). Carbonate cementation and replacement of feldspars by calcite have been observed in 385 
Nakhlak Group sandstones (see Section 4.2.). All samples show high concentrations of SiO2 386 
(>61%), similar to dacite and rhyolite (Fig. 8c). 387 
(Figure 8) 388 
 389 
(Figure 9) 390 
5. Discussion 391 
5.1. Alam Formation 392 
The sedimentary record of the Upper Olenekian–Anisian Alam Formation is a key to 393 
understanding the evolution of a fore-arc basin at the southern active margin of Eurasia 394 
pertaining to the closure of Palaeotethys. The oolitic massive limestone close to the base of 395 
the succession demonstrates shallow shelf depositional conditions corresponding to a shallow 396 
fore-arc basin. Ammonoid- and conodont-bearing limestone intervals intercalated with 397 
volcano-clastic sandstone and shale beds (Balini et al., 2009). These types of sedimentary 398 
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succession are related to deposition in an active basin with numerous volcanic eruptions and 399 
quench fragmentation. By turning the depositional condition into a quiescent situation it 400 
became favorable for carbonate to precipitate in an open marine shelf environment. 401 
As mentioned earlier, sandstones from the Alam Formation contain volcanic lithic fragments 402 
showing various textures. In an active arc setting different types of volcanic activity show 403 
different textures in volcano-clastic rocks, thus pure volcanolithic sandstones testify direct 404 
relations with the types of volcanic activity within the arc (e.g., Critelli et al., 2002; Marsaglia 405 
et al., 2016). The microlitic texture observed in the Alam Formation (Fig. 4a–b) is typical of 406 
andesites (Critelli et al., 2002). According to Critelli and Ingersoll (1995) and Critelli et al. 407 
(2002), the lack of lathwork volcanic lithic fragments in the Alam Formation sandstones is 408 
characteristic of the deficiency of basaltic and basaltic andesite lavas and pyroclasts. The high 409 
quartz content in these sandstones may point to a proximal felsic volcanic facies that could be 410 
attributed to a "quasi-continental" more highly evolved magmatic-arc source (Critelli et al., 411 
2002). Another possibility for this can be a higher maturity of the sedimentary rock which is 412 
unlikely in the case of the Nakhlak Group. 413 
Critelli et al. (2002) declare that syneruptive sandstones generally contain more vitric lithic 414 
grains as in the Alam Formation sandstones. Samples composed primarily of volcanic 415 
monoliths are affiliated with instantaneous eruptions that considerably dilute non-volcanic 416 
contributions. 417 
5.2. Baqoroq Formation 418 
Massive conglomerate beds with granule- to boulder-sized grains show high-energy 419 
depositional conditions in a continental setting. Considering the immature textures of the 420 
Baqoroq Formation siliciclastics and the absence of rounded detritus, a proximal position to 421 
the source rocks is inferred. The conglomerates are composed of volcanic, metamorphic, 422 
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quartzite and limestone fragments (Hashemi Azizi and Rezaee, 2014). As mentioned, 423 
volcanic particles are fresh and large which suggest a derivation from Triassic felsic to 424 
intermediate volcanism. Our petrographic analyses confirm felsic magmatic and sedimentary 425 
rocks and continuous activation of surrounding arcs. Metamorphic rocks, with polycrystalline 426 
quartz grains derived from an uplifted basement, also supplied detritus to the basin. The 427 
presence of metamorphic detritus in the Baqoroq Formation also implies the presence of 428 
tectonic uplift in the source area, which allowed exhumation of metamorphic basement in the 429 
adjacent terrain. Alternatively, as the geochemical composition of the Baqoroq Formation is 430 
similar to the Alam Formation, a similar source rock composition and tectonic setting are 431 
suggested. Rapidly changed depositional environment from marine to terrestrial during the 432 
Anisian supports a local tectonic event at the southern margin of Eurasia during the Middle 433 
Triassic, probably in connection with an Eocimmerian collisional event due to Palaeotethys 434 
subduction (Şengör, 1979; Stampfli, 2000; Muttoni et al., 2009a, b). Thereafter, we suggest 435 
that an open marine sedimentary basin was replaced by a terrestrial deposition system. The 436 
petrographic composition of the Baqoroq Formation sandstones resembles that of remnant 437 
ocean basins (ROB) around the world such as Makran Group in southwest Pakistan (Critelli 438 
et al., 1990) and Mediterranean-type ROB (Critelli, 1993; Critelli et al., 2017). 439 
5.3. Ashin Formation 440 
The Ashin Formation illustrates an open marine sedimentary basin evidenced by turbidites 441 
(probably distal) and the Nereites ichnofacies (Vaziri and Fürsich, 2007). The shift from a 442 
continental sedimentary basin to an open marine basin would be due to a rifting event 443 
probably triggered by Palaeotethys subduction beneath Eurasia. An alternative explanation 444 
could be basin subsidence. Petrographic evidence shows a dominant volcanic input. The 445 
presence of volcanic quartz is consistent with the presence of silicic pyroclastic volcanic 446 
rocks in oceanic arcs undergoing extension/rifting, which is known from both modern (e.g., 447 
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Izu arc) and ancient (Alistos arc) arcs (Busby et al., 2006; Marsaglia et al., 2016). Besides, 448 
colorless felsic glass is a major component in volcanic sediment produced during arc rifting 449 
(Critelli et al., 2002 and references therein). 450 
5.4. Nakhlak Group geochemistry 451 
SiO2 content and variable trace element concentrations, especially very low Cr, V and Th 452 
contents in the Nakhlak Group samples, indicate more first-cycle material and felsic 453 
magmatic arc input. The positive linear correlation between total CaO and LOI indicates the 454 
presence of carbonate-bearing minerals such as calcite in siliciclastic samples from the Alam, 455 
Baqoroq, and Ashin formations. High Sr concentrations (~634 ppm on average) in most of 456 
the samples are probably due to high feldspar content as well as calcium carbonate 457 
cementation. Salminen et al. (2005) quantified the average Sr concentration in quartzo-458 
feldspathic rocks to about 600 ppm, and high Sr concentration (~2071 ppm) occurs in 459 
calcium carbonate cemented samples. The REE concentrations indicate origination from old 460 
upper continental crust and young arc material (McLennan et al., 1993).  Those samples 461 
showing positive Eu anomalies could have been sourced from fresh mantle-derived material. 462 
Specific ratios (e.g., Th/Sc, Th/U, Eu/Eu*) suggest derivation from young (undifferentiated 463 
and differentiated) arc material. 464 
Chemical weathering causes exposed rocks to be disaggregated or dissolved through 465 
chemical processes (Nesbitt, 2003). Quantitative measures, such as the chemical index of 466 
alteration (CIA; Nesbitt and Young, 1982) are useful to evaluate the degree of chemical 467 
palaeo-weathering. This index indicates a medium degree of chemical weathering at the 468 
source area of the Nakhlak Group according to Fedo et al. (1995). Another approach to 469 
assessing the number of weathered minerals in fine-grained siliciclastics is to use the index of 470 
compositional variability (ICV). The ICV values for the Nakhlak Group samples means 471 
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relatively unweathered detrital minerals occurred in first-cycle deposits according to Cox and 472 
Lowe (1995). CIA values plotted against ICV (Potter et al., 2005) show fresh granite to fresh 473 
andesite as a source rock for the sandstones and slightly weathered basalts as a source rock 474 
for the shales (Fig. 6a). 475 
CIA has a linear trend for Nakhlak Group sandstones and shales from ca. 50 to ca. 70 (Fig. 476 
6b). According to Roser et al. (2002), CIA ratios and A-CN-K trends can also be influenced 477 
by tectonism in stable margins and active tectonic setting. In the case of our samples, the 478 
linear trend of Nakhlak Group sandstones and shales from fresh andesite and fresh dacite to 479 
PAAS imply uplift and emplacement of fresh volcanic rocks in active tectonic settings such 480 
as fore-arc and back-arc basins. 481 
Th/U elemental ratios (McLennan et al., 1993) evaluate that the Nakhlak samples were 482 
derived from source rocks with a low degree of weathering or material with insignificant 483 
recycling particularly in the Alam and Ashin formations. In the Baqoroq Formation the data 484 
suggest a mixture source rocks ranging from unweathered magmatic to metamorphic regions, 485 
as confirmed by petrography. 486 
One effect of sedimentary sorting results in an enrichment of heavy minerals (e.g., zircon, 487 
monazite, and magnetite) in sand and sandstone (Pettijohn et al., 1987), and tends to strongly 488 
enrich sands in the trace elements associated with those minerals (McLennan et al., 1993; 489 
McLennan, 2001). Thus Th/Sc plotted against Zr/Sc values can detect zircon enrichment 490 
during sediment recycling; although during most igneous differentiation processes, both Th 491 
and Zr become more enriched relative to Sc and considering that both Th and Zr are enriched 492 
in heavy minerals (e.g., monazite and zircon) zircon is typically far more abundant than 493 
monazite (McLennan et al., 2003). Zr/Sc and Th/Sc elemental ratios suggest some 494 
compositional variation in the source area of the Nakhlak Group but do not indicate strong 495 
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zircon enrichment (Fig. 7b). TiO2 and Zr are rather immobile during weathering and may be 496 
useful indices for detecting the source rock composition. TiO2/Zr values can distinguish 497 
between mafic and felsic rocks (Hayashi et al., 1997). The TiO2/Zr values of the Nakhlak 498 
Group sediments point mostly toward felsic igneous source rocks for sandstone and shale 499 
samples. High TiO2/Zr values from the Alam Formation suggesting intermediate igneous 500 
source rocks. 501 
The influence of a mafic–ultramafic source can be evaluated using Ni/Co, Cr/V, Cr/Ni and 502 
Y/Ni (McLennan et al., 1993; Meinhold et al., 2007; Jafarzadeh et al., 2014; Armstrong-503 
Altrin et al., 2015). For example, Cr/V vs. Y/Ni can be used to illustrate the importance of 504 
mafic–ultramafic (ophiolitic) source rocks (McLennan et al., 1993). Cr/V is an index of Cr 505 
over the other ferromagnesian trace elements, whereas Y/Ni shows the general level of 506 
ferromagnesian trace elements (Ni) compared to Y which is representative for HREE 507 
(McLennan et al., 1993). Mafic–ultramafic sources tend to have high ferromagnesian 508 
abundances and show low Y/Ni. According to Garver et al. (1996), Cr and Ni concentrations 509 
are strong indicators for the involvement of (ultra)mafic rocks. Ba concentrations can be used 510 
to monitor the contribution of felsic crystalline rocks (von Eynatten, 2003). The values of 511 
Cr/Ba and Ni/Ba throughout the Nakhlak Group suggest a common source of Cr and Ni. The 512 
average Cr/Ni ratio throughout the Nakhlak Group, which is close to the Cr/Ni ratio of 513 
ultramafic rocks, is suggesting only minor geochemical partitioning (Garver et al., 1996). 514 
Detrital chrome spinel is present in Nakhlak Group sandstone (Hashemi Azizi et al., 2018) 515 
but according to some geochemical proxies (Fig. 8b) the sediments of the Nakhlak Group 516 
seem to have not received (ultra)mafic detritus. Other provenance studies (e.g., von Eynatten, 517 
2003) attribute this discrepancy to carbonate dilution effects, either from detrital carbonate 518 
fragments or diagenetic carbonate cement. 519 
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The Nakhlak group samples show high concentrations of SiO2, similar to dacite and rhyolite, 520 
which likely represent the source rock composition for all samples. One sample that plots in 521 
the trachy-andesite category is exceptional. A high maturity might also be the reason for high 522 
SiO2 content. However, this possibility can be rule out here regarding the high volcano-523 
clastic content and immature texture of the sandstones. 524 
5.5. Tectonic setting 525 
Detrital mineralogy and chemical compositions of clastic sedimentary rocks may indicate the 526 
tectonic setting of the source areas (e.g., Dickinson, 1985; McLennan et al., 1993; 527 
Armstrong-Altrin et al., 2015). The QFL ternary diagrams of Weltje (2006) are more 528 
promising with less error compared to the equivalent diagrams proposed by Dickinson (1985) 529 
and Dickinson and Suczek (1979). Samples from all three formations illustrate magmatic arc 530 
source in addition to a recycled orogen for the Baqoroq Formation. However, the QmPK 531 
diagram discriminates continental block as source area which cannot be acceptable for fresh 532 
volcano-clastic sandstones. The reason for such discrepancy can be addressed by the high K-533 
feldspar content of the Nakhlak samples come from the parent rocks with rhyolitic and 534 
trachytic nature. 535 
Major oxide composition of the most Nakhlak Group sandstones and shales illustrating arc 536 
setting (Fig. 10) (Verma and Armstrong-Altrin, 2013); one sandstone sample from the 537 
Baqoroq Formation has a composition in accordance with rift setting (Fig. 10). There is a 538 
low-silica sandstone sample from the Alam Formation which has a composition in agreement 539 
with arc setting (Fig. 10). 540 
The plate tectonic setting controls the chemical composition of siliciclastic rocks (Bhatia, 541 
1983) and different tectonic settings, thus, have different geochemistry (Roser and Korsch, 542 
1988). According to some of the major oxides, almost all samples from the Nakhlak Group 543 
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show a composition in agreement with active margin tectonic setting. One shale sample from 544 
the Ashin Formation (AS116) has exceptionally a composition conformable with the passive 545 
margin setting but it is close to the border of active margin (Fig. 11a). Two sandstone 546 
samples of the Alam Formation (AN63 and AN159) have the compositions similar to the 547 
oceanic island arc (Fig. 11a). 548 
The diagram based on major elements shows active margin tectonic setting for the Nakhlak 549 
Group samples (Fig. 11b). Only two sandstone samples from the Alam Formation have the 550 
compositions in accordance with the passive margin, but those are located close to the active–551 
passive margin boundary. Figure 11c shows an active margin tectonic setting for the Nakhlak 552 
Group samples based on major and trace elements, except for one sandstone sample from the 553 
Alam Formation, which has a composition of the passive margin but it is located on the 554 
active–passive margin boundary. 555 
According to Bhatia (1985) and Bhatia and Crook (1986), several REE-related parameters 556 
(e.g., LaN/YbN, Eu/Eu*, La/Y; Appendix A) are useful to distinguish the tectonic settings of 557 
sedimentary basins. The average Alam and Baqoroq formations samples display a mixture 558 
setting of CIA, OIA, and ACM. The Ashin Formation samples also mainly show a CIA 559 
setting and some ratios show ACM setting. 560 
(Figure 10) 561 
(Figure 11) 562 
(Figure 12) 563 
5.6. Possible connections between Nakhlak and Kopeh-Dagh regions 564 
During the Late Palaeozoic, the Kopeh-Dagh area, belonging to the Hun Superterrane, had 565 
been accreted to the Turan plate (Baud and Stampfli, 1989). Northward subduction and the 566 
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slab roll-back of the subducted part of the Palaeotethys triggered the opening of back-arc 567 
oceans along the active Eurasian margin from Austria to the Pamirs after Late Permian times. 568 
The size and history of these Permian–Triassic marginal basins differ from area to area 569 
(Stampfli, 2000; Stampfli and Borel, 2002). During the Triassic, north of the magmatic arc 570 
and in a back-arc setting, a deep subsiding volcano-sedimentary marine belt is recognized 571 
stretching from the South Caucasus through the Kopeh-Dagh to the North Pamir (Baud and 572 
Stampfli, 1989). A deformed segment of this back-arc basin crops out in the erosional 573 
window of Aghdarband in the eastern Kopeh-Dagh range, northeast Iran (Baud and Stampfli, 574 
1989; Stampfli, 2000). Lithologically, the Triassic Aghdarband Group, 1.2–1.5 km thick, is 575 
subdivided into three formations (Sefid Kuh, Sina, and Miankuhi formations) and shows a 576 
complete sedimentary cycle of shallow water carbonate rocks (Early Triassic) through deep 577 
water andesitic to trachytic volcaniclastics (Middle to early Late Triassic) to continental 578 
siltstones and sandstones with coal seams (Late Triassic) (Baud and Stampfli, 1989, Alavi et 579 
al., 1997).  580 
Our new data from the Nakhlak Group suggest similar depositional environments and 581 
tectonic settings. The Nakhlak Group was probably deposited in close proximity to the 582 
Aghdarband basin. For the Early Triassic, marine depositional conditions in a fore-arc setting 583 
are confirmed by the siliciclastic and carbonate succession of the Alam Formation from arc 584 
activity. The basin was later filled in the Anisian with sediment and the depositional 585 
conditions changed to a continental setting depositing the Baqoroq Formation. The clastic 586 
input of the Baqoroq Formation highlights the tectonic uplift in the surrounding regions. 587 
Uplift started during the deposition of member G from the Alam Formation (Balini et al., 588 
2009) and continued into the Baqoroq Formation. This coeval tectonic activity, which caused 589 
an influx of quartz grains throughout the Baqoroq Formation (Qt in Fig. 12) and metamorphic 590 
rock fragments in the upper part of the formation (MRF in Fig. 12), was likely related to rift 591 
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shoulder uplift. This extensional regime within the former fore-arc environment led to the 592 
formation of a small, short-lived oceanic basin in which the Ashin Formation was deposited. 593 
The trace fossils of the Ashin Formation suggest deposition in a deep-marine environment 594 
(e.g., Vaziri and Fürsich, 2007). The rapid increase in subsidence would support a rift basin 595 
setting. 596 
During the late Triassic, the Cimmerian blocks collided with the southern Eurasian margin 597 
and the oceanic basins closed. During the Early Triassic (Olenekian, ~248 Ma ago), the 598 
strong slab-pull force detached Cimmerian blocks from Gondwana and opened the Neotethys 599 
Ocean (Stampfli, 2000). Due to the collision of the Cimmerian blocks with the Eurasian 600 
margin, the back-arc basins subsequently closed during the Late Triassic (Şengör, 1979; 601 
Stampfli, 2000; Muttoni et al., 2009a, b). Taking into account palaeomagnetic studies of the 602 
Central-East Iranian Microcontinent, the Nakhlak region detached from Eurasia probably in 603 
the Early Jurassic and was attached to the Cimmerian Blocks and displaced to the present 604 
position in Central Iran with 135 CCW rotation. 605 
6. Conclusions 606 
Our new petrographic and geochemical data provide constraints on the depositional and 607 
tectonic setting of the Nakhlak Group:  608 
- Major and trace elements concentrations suggest felsic to intermediate source rocks. 609 
Generally, petrographic and geochemical data demonstrate a magmatic arc-related 610 
marine depositional basin which was later filled by sediments eroded from the 611 
exhumed basement. So, the marine depositional setting changed into a terrestrial 612 
depositional setting. Finally, due to extensional tectonics this terrestrial setting turned 613 
again into a marine basin. 614 
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- Angular large volcanic fragments in the sandstone samples clearly point to syn-615 
depositional volcanic eruptions. Massive fossiliferous limestone beds intercalated 616 
with volcano-clastic sandstone and shale beds, especially in the Alam Formation, 617 
suggest rapid changes between the times of volcanic activity and quiescent episodes 618 
during deposition of Nakhlak Group sediments.  619 
- The presence of fresh volcanic lithics indicates a proximal provenance and low degree 620 
of weathering at the source. The detrital material has undergone short transport 621 
distances and little sedimentary recycling. 622 
All data support the hypothesis that the Nakhlak Group in Central Iran does not belong to the 623 
Cimmerian Block. The sediments of the Nakhlak Group were originally deposited in a basin 624 
close to magmatic arc rocks in an active margin setting at the south of Eurasia. The only 625 
siliciclastic Triassic sequence in Iran showing similarities in lithology and fossil contents is 626 
the Aghdarband Group of Eurasian affinity, exposed in an erosional window around 627 
Aghdarband in northeastern Iran. We, therefore, suggest that the Triassic sediments of the 628 
Nakhlak Group were deposited in proximity to the Aghdarband basin along the southern 629 
margin of Eurasia. 630 
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Figure captions 891 
Figure 1. Tectonic setting of Iran modified after Berberian and King (1981) and Aghanabati 892 
(2004). The study area (red frame) is located at the southwestern end of GKDFS, in Yazd 893 
block, Central Iran. GKDFS: Great Kavir–Doruneh fault system (For interpretation of the 894 
reference to colour in this figure legend, the reader is referred to the web version of this 895 
article).  896 
 897 
Figure 2. Geological map of the Nakhlak Mountain (redrawn from Vaziri, 2012) showing the 898 
Alam, Baqoroq, and Ashin formations. The studied sections are illustrated by black solid 899 




Figure 3. QFL diagram for classification of detrital modes of sandstones (Garzanti, 2016, 902 
after Weltje, 2006). 903 
 904 
Figure 4. Petrographic photomicrographs were taken in crossed polarized light of 905 
representative sandstone samples. (a)  Feldspatho-volcanolithic sandstone from the Alam 906 
Formation (sample AN82) showing microlitic and lathwork fragments and some fresh 907 
angular quartz grains with straight extinction and some embayment. Three volcano-clastic 908 
fragments are large, showing angular boundaries; one on the right side showing amygdules 909 
filled with chlorite (close up inset photomicrograph). (b) Feldspatho-volcanolithic sandstone 910 
from the Alam Formation (sample AN15) showing microlitic fragments, microgranular 911 
fragments recrystallized from volcanic glass, and K-feldspar grains. (c) Feldspatho-912 
volcanolithic sandstone from the Alam Formation (sample AN109) showing lathwork 913 
fragments and recrystallized vitric homogenous fragments in a diagenetically grown calcite 914 
cement. (d) Arkosic arenite of the Alam Formation (sample AN48) showing large 915 
unweathered K-feldspar and plagioclase. (e) Quartzolithic sandstone from the Baqoroq 916 
Formation (sample B25) showing polycrystalline quartz grains in contact with volcanic 917 
fragments, mostly at the lower part and one quartz-muscovite schist fragment at the right 918 
side. (f) A metamorphic pebble (mylonite), muscovite-quartz schist with distinct foliation 919 
from the Baqoroq Formation (sample cg2). (g) Quartzolithic sandstone from the Baqoroq 920 
Formation (sample B25) showing a large microlitic volcanic fragment at the top and one 921 
large carbonate fragment (oolitic limestone) in the middle. h) Quartzofeldspathic sandstone 922 
from the Ashin Formation (sample AS16) showing large almost fresh K-feldspar (mostly 923 
sanidine) and fresh angular quartz grains with straight extinction. Qz = quartz, P-Qz = 924 
polycrystalline quartz, Lv = volcano-clastic fragment, Lsm = metasedimentary clast, Ls = 925 




Figure 5. (a) Multi-element diagrams for siliciclastic sedimentary rocks from Nakhlak 928 
Group. Concentrations are normalized against the upper continental crust composition (UCC, 929 
Rudnick and Gao, 2003). (b) Chondrite-normalised REE diagrams. Chondrite composition 930 
from Taylor and McLennan (1985). 931 
 932 
Figure 6. (a) Plot of CIA vs. ICV of the siliciclastic sedimentary rocks of Nakhlak Group 933 
(Potter et al., 2005). (b) ACNK diagram (after Nesbitt and Young, 1982) for the 934 
siliciclastic sedimentary rocks of Nakhlak Group. Indices and mineral compositions after 935 
Nesbitt and Young (1982): A = Al2O3; CN = CaO*+Na2O (where * indicates correction for 936 
carbonates) and K is K2O (molar proportions). Pl = plagioclase, Sm = smectite, Ka = 937 
kaolinite, Gb = gibbsite, Chl = chlorite, Mu = muscovite, Ksp = K-feldspar. PAAS = Post 938 
Archean Australian Shale. Crossed linked by the solid line are average volcanic rock 939 
compositions from Roser et al. (2002). For an explanation of symbols see Figure 4 (filled 940 
symbols = sandstones, open symbols = shales). 941 
 942 
Figure 7. Discrimination diagrams illustrating weathering and sediment recycling. (a) Th/U 943 
vs. Th diagram after McLennan et al. (1993). (b) Th/Sc vs. Zr/Sc diagram after McLennan et 944 
al. (1993). For an explanation of symbols see Figure 4 (filled symbols = sandstones, open 945 
symbols = shales). 946 
 947 
Figure 8. (a) TiO2 vs. Zr diagram suggesting felsic to intermediate composition for the 948 
Nakhlak Group after Hayashi et al. (1997). (b) Cr/V vs. Y/Ni diagram after McLennan et al. 949 
42 
 
(1993). (c) Chemical classification of the volcanic rocks based on total alkalis vs. silica 950 
(TAS) after Le Maitre et al. (2002). For an explanation of symbols see Figure 4 (filled 951 
symbols = sandstones, open symbols = shales). 952 
 953 
Figure 9. Triangular plots (after Weltje, 2006) showing mean framework modes for 954 
sandstones from the Nakhlak Group, illustrating derivation from different types of 955 
provenance: Q: total quartzose grains (Qm+Qp), Qm: monocrystalline, Qp: polycrystalline, 956 
F: total feldspar grains, L: total unstable lithic fragments, Lt: total polycrystalline lithic 957 
fragments, including Qp, Lvm: total volcanic-metavolcanic rock fragments, Lsm: unstable 958 
sedimentary-metasedimentary rock fragments, P: plagioclase grains, K: K-feldspar grains. 959 
For an explanation of symbols see Figure 4. 960 
 961 
Figure 10. Multidimensional diagram (a) for high-silica and (b) low-silica clastic sediments 962 
of Nakhlak Group after Verma and Armstrong-Altrin (2013). For an explanation of symbols 963 
see Figure 4 (filled symbols = sandstones, open symbols = shales). 964 
 965 
Figure 11. (a) Tectonic discrimination diagram for the Nakhlak Group after Roser and 966 
Korsch (1986). PM – Passive margin, ACM – Active continental margin, OIA – Oceanic 967 
island arc. (b) Major element (M) based multidimensional discriminant function diagram and 968 
(c) Combined major and trace element (MT) based multidimensional discriminant function 969 





Figure 12. Composite section of the Nakhlak Group showing the position of sandstone 973 
samples, the petrographic composition Qt-F-L (total quartz grains include chert-feldspar-974 
lithic fragments), VRF (volcanic rock fragment), and MRF (metamorphic rock fragment) bar 975 




Table 1. Major elements on a carbonate-free basis, LECO data and calculated indices (CIA 980 
and ICV) of sandstone and shale samples from the Nakhlak Group. Upper continental crust 981 
(UCC) values from Rudnick and Gao (2003) are for comparison. 982 












